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012.12.0Abstract Aluminum alloy (Al-alloy) thin-walled (D/t> 20, diameter D, wall thickness t) bent
tubes have attracted increasing applications in many industries with mass quantities and diverse
speciﬁcations due to satisfying high strength to weigh ratio requirements of product manufacturing.
However, due to nonlinear nature of bending with coupling effects of multiple factors, the similarity
theory seems not applicable and there occurs a challenge for efﬁcient and reliable evaluation of the
bending formability of thin-walled tube with various bending speciﬁcations. Considering the
unequal deformation and three major instabilities, the bending formability of thin-walled Al-alloy
tube in changing tube sizes such as D and t are clariﬁed via both the analytical and FE modeling/
simulations. The experiments of rotary draw bending are conducted to validate the theoretical mod-
els and further conﬁrm ‘size effect’ related bending formability. The major results show that (1) The
anti-wrinkling capability of tube decreases with the larger D and smaller t, and the effect signiﬁ-
cance of t is larger than that of D even under rigid supports; (2) The wall thinning increases with
the larger D and smaller t, and this tendency becomes much more obvious under rigid supports;
(3) The cross-section deformation increases with the larger D and smaller t according to the analyt-
ical model obtained intrinsic relationship, while this tendency becomes opposite due to the nonlin-
ear role of mandrel die; (4) The size factor D/t can be used as a nondimensional index to evaluate
both the bending formability regarding the wall thinning and cross-section deformation.
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As one kind of key lightweight components for ‘bleeding’
transforming with enormous quantities and diversities, thin-
walled (D/t> 20, D-tube diameter, t-wall thickness) Al-alloy
bent tubular components have attracted increasing attentions
and applications in so many industries such as aerospace, avi-
ation and automobile that the precision bending deformation
of thin-walled Al-alloy tube should be efﬁciently realized with
close tolerance.1 Among various bending approaches such as
stretch bending, compress bending, push bending, the rotary
draw bending (RDB) is the unique one to incrementallytd. Open access under CC BY-NC-ND license.
Fig. 1 Multi-die constrained rotary draw bending of thin-walled
Al-alloy tube.
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and ﬂexibility advantages.1,2 However, RDB is a multi-factor
coupling physical process with tri-nonlinearity. As show in
Fig. 1, under multi-die constraints, the unequal stress and
strain distributions of the tube are induced at the extrados
and intrados upon bending, which cause inevitable wall thin-
ning, cross-section ﬂattening and possible wrinkling.1 Thus,
considering the mass usages and diverse speciﬁcations in vari-
ous ﬁelds, it is a challenge to efﬁciently select the optimal form-
ing parameters (tooling parameters and processing
parameters) for avoiding the above defects simultaneously
and achieving the precision bending with allowed tolerance.
And, the premise of the reliable process design is to obtain
the common knowledge of multi-index limited bending form-
ability of Al-alloy tube under various tube sizes, viz., ‘size ef-
fect’ bending formability.
Due to inherent nonlinearity of tube bending,3 the bending
behaviors of the tube and the tendencies of the above instabil-
ities for thin-walled Al-alloy tube may vary differently from
each other for diverse tube sizes, and the process/tooling de-
sign should not be simply determined by the similarity princi-
ple. Recently, to further improve the functions such as larger
transport volume and the compactness, the precision bending
of larger diameter (D> 40 mm) thin-walled Al-alloy tube is
urgently needed with small bending radius (Rd/D< 2.0).
4,5
Thus, how the bending deformation behaves under these ex-
treme geometrical conditions should be preliminarily explored.
Up to now, using analytical, experimental or numerical
methods, great efforts have been made as to the deformation
of different kinds of tubular materials upon various bending
processes including pure bending, stretch bending, compress
bending, roll bending as well as RDB. While, most of them fo-
cus on individual bending instability for certain tube diameter
and wall thickness. The bending formability under various
tube sizes considering multiple defects is not fully addressed.
Peek6 predicted the wrinkling in pure bending of Al-alloy tube
using ﬁnite strain three-dimensional (3D) continuum theory.
Tang7 deduced several bending related formulae such as
stress/strain distributions of bending tube, wall thickness
change and cross-section shrinking rate according to the geo-
metrical characteristics and the deformation theory of plastic-
ity. Paulsen and Welo8 deduced an analytical model for
ovalization prediction of tube in bending. Mentella and Stra-
no9 provided the correlation between the geometrical parame-ters of tube and the cross-section deformation related bending
quality in RDB. The tube diameter is small and the mandrel as
well as wiper die is not used in experiments. Lee et al.10 studied
the inﬂuence of the diameter-to-thickness ratio (D/t) on the
stability of circular tubes under cyclic bending by using exper-
iments and analytical methods. Though the contact conditions
are not considered in the analytical model, it can establish the
intrinsic relationship between bending deformation and tube
parameters, viz., properties and geometrical factor D and t.
Considering the multi-die constrained characteristics of
RDB, 3D-FE method has been widely used to explore the
bending deformation under various forming conditions. Yang
et al.11 numerically studied the wall thinning and cross-section
ovalization in RDB. Murata et al.12 obtained the effects of
strain hardening exponent on the wall thickness changing,
cross-section ﬂattening and springback. Taking the axial force
generated in RDB into account, E et al.13 numerically calcu-
lated the stress and wall thinning. Combining the energy-based
wrinkling prediction model and FE model, the wrinkling char-
acteristics of thin-walled tube in RDB and the effects of pro-
cessing parameters on wrinkling of tube are addressed.14,15
In Refs.16–18, the wall thinning, wrinkling and cross-section
ovalization of Al-alloy and stainless steel tubes were numeri-
cally investigated.
In the previous publications, the effects of the processing
parameters or material properties on bending were generally
conducted. However, the study on bending formability of
thin-walled Al-alloy tubes under different bending speciﬁca-
tions has not been reported. Thus, this study attempts to ob-
tain tube ‘size effect’ related bending behaviors of thin-
walled Al-alloy tube upon RDB. The analytical models are
proposed to address the intrinsic relationship between tube
geometrical parameters and the stress/strain distributions as
well as three major bending instabilities. Considering multi-
tool constraints, the 3D-FE model is used to further explore
the multi-defect limited bending formability of thin-walled
Al-alloy tubes in different tube sizes including D and t. The
experiments are used to verify the theoretical models and con-
ﬁrm theoretical results.2. Experimental procedure
As shown in Fig. 1, three basic bending tools are used to
accomplish tube bending such as bend die, clamp die and pres-
sure die. The tube is ﬁrstly clamped against the bend die by the
clamp die and pressure die; then the clamp die and the bend die
rotate simultaneously, and the tube is drawn past the tangent
point and rotates along the groove of bend die to obtain the
desired bending angle and bending radius. While, for process
with tough bending conditions and close tolerance, the man-
drel and wiper die are needed to reduce the wrinkling risk
and cross-section distortion of tube.
The materials are 5052O, 6061O and 6061-T4, which are
typical tubular materials employed in practice. As shown in
Eqs. (1)–(3), the bending instabilities can be qualitatively rep-
resented by the ripple wave height Dw, wall thinning degree Dt
and cross-section ﬂattening degree DD. The higher these indi-
ces, the worse bending quality. It is noted that the tolerances
are different for speciﬁc applications. Generally, the critical
values for Al-alloy qualiﬁed products are 1%D, 25% and
5%, respectively.
Fig. 2 Schematic of defect measurement.
Fig. 3 Schematic of longitudinal and transverse cross-sections of
bent tube geometry.
232 L. Heng et al.Dw ¼ D1 D2 ð1Þ
Dt ¼ ðt t0Þ=t 100% ð2Þ
DD ¼ ðDD0Þ=D 100% ð3Þ
where D1 is the maximum section length between the wave
crest of the intrados and the extrados of tube, D2 the minimum
section length between the wave crest of the intrados and the
extrados, t tube initial wall thickness, t0 the minimum wall
thickness after bending, D the initial tube diameter, D0 the min-
imum section length in the vertical direction after bending (see
Fig. 2).
3. Analytical prediction models of multi-defect in thin-walled
tube bending
According to the geometrical features of RDB and the defor-
mation theory of plasticity, the analytical models of thin-
walled tube bending is presented with respect to the stress/
strain distributions, wrinkling tendency, wall thinning degree,
cross-section deformation degree. The assumptions are pro-
posed below:
(1) The proportional loading and the uniform stress/strain
distributions are assumed. The tangent stress ru, hoop
(circumferential) stress rh and normal (thickness) stress
rt are regarded as the principal stresses and the corre-
sponding strains are the principal strains.
(2) The normal stress rt can be neglected compared with ru
and rh. And the bending process can be regarded as
plane stress problem. The elastic deformation is
regarded as zero, and the constitutive relationships of
tubular materials accord with the Hill’1948 anisotropic
yield model and the Swift strain hardening function
r ¼ Kðeþ bÞn, where K is strength coefﬁcient, n is hard-
ening exponent.
3.1. 3D stress/strain distributions upon bending
Considering both cross-section ﬂattening and hoop strain, a
3D strain ﬁeld in tube bending is developed as follows (shown
in Fig. 3):
eu ¼ lnðl=l0Þ ¼ lnðRd þ c r0 cos hÞ=qÞ
eh ¼ r=ð1þ rÞeu
et ¼ 1=ð1þ rÞeu
9>=
>; ð4Þ
where r0 is the average radius of tube diameter, c the ﬂattening
coefﬁcient expressed as c= (1  d/D), d the reduction in tubediameter after bending (experimentally obtained as 10%t with
the rigid support of mandrel die), r the ratio of the hoop strain
eh to the thickness strain et (experimentally measured as about
1/3), q the radius of neutral axial (NA) as
q ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃðRd þD=2 dÞðRd D=2Þp :
Then, based on the above assumptions and using the defor-
mation theory of plasticity, the stress states of but tubes can be
derived as:
ru ¼ LK 1þ R
R
 r
1þ r
 
ðMeu þ bÞn
rh ¼ LK 1 1þ R
Rð1þ rÞ r
 
ðMeu þ bÞn
9>>=
>>;
ð5Þ
where L ¼ ð1þ RÞR
1þ 2R M
1, R refers to normal anisotropic expo-
nent, M ¼ 1þ Rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 2Rp
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ r
2
ð1þ rÞ2 
2Rr
ð1þ RÞð1þ rÞ
s
.
3.2. Energy-based wrinkling prediction model
It is thought that the deformation energy needed for wrinkling
initialization is the lowest among all the possible deformation
phenomena under given forming conditions. Thus, the mini-
mum energy-based wrinkling prediction criterion for tube
bending is presented to indicate the wrinkling initiation as
shown in Eq. (6). The wrinkling ratio Iw is used to indicate
the wrinkling tendency, viz., larger Iw represents higher wrin-
kling risk, and the wrinkling is thought to occur when Iw
equals to 1.0.15 In Eq. (6), each energy can be calculated by
Eqs. (7)–(10).
Fig. 4 3D-FE model and experimental platform.
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where Wmin is the minimum wrinkling energy comprising en-
ergy W1 for bending region, W2 for straight region near tan-
gent point and dissipation energy, W3 conducted by rigid
tools to restrain the wrinkling, T the external force energy
for stable bending deformation comprising external energy
T1 for curved part of the tube and T2 for straight part of the
tube.
W1 ¼ w20ðm4crK1 þm2crK2 þ K3Þ ð7Þ
where
mcr ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K3=K1
4
p
K1 ¼ 1
24ðu1  u0Þ3
Z p=2E0
0
t3Er
1 m2
8p4r0
R02Rd
cos hdh;
K2 ¼ 1
24ðu1  u0Þ
Z p=2E0
0
t3Er
1 m2
 2p
2
R02Rd
sin h  ðr0 sin 2h Rd sin hÞ

 2p
2m
R0Rdr
2r0 cos 2h Rd cos h ðr0 sin 2h Rd sin hÞ
2
2R0Rd cos h
" #
 4ð1 mÞp
2
R02Rd
sin hðr0 sin 2h Rd sin hÞ
þ 4ð1 mÞp
2r0
R02Rd
sin2 h r0
R02Rd
þ m
Rdr0
 
4p2 cos h

dh
K3 ¼u1u0
24
Z p=2E0
0
t3Er
1 m2
3
8r3Rd
 1
cosh
½2r0 cos2h

Rd cosh2
þ 3
8R02Rdr0
sin2 h
cosh
ðr0 sin2hRd sinhÞ2
þ 3
2
 r0
R02Rd
þ R
02
Rdr
3
0
þ 2m
Rdr0
 
coshþ 3
2Rd
sinh
R02
þ m
r20
 
 r0 sin2hRd sinhð Þþ 3
2Rd
R0
r30
þ m
R0r0
 
 ½2r0 cos2hRd coshdh
þ
Z p=2E0
0
tEs
1 m2
3
2
r0
Rd
þ R
02
Rdr0
þ 2m R
0
Rd
 
coshdh
W2 ¼ Drp
4x20
8r30ðx1  x0Þ3ðh1  h0Þ3
3ðx1  x0Þ4
h
þ 8m2r20ðx1  x0Þ2ðh1  h0Þ2 þ 48m4r40ðh1  h0Þ4
i
ð8Þ
T1 ¼ t
Z p=2
0
jrujr20ðu1  u0Þ cos hdh ð9Þ
T2 ¼ 2x
2
0p
2m2r0t
ðx1  x0Þ
Z p=2
0
jruj 1þ cos phh1  h0
 2
dh ð10Þ
where w0 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r0Rd
p ðu1  u0Þ=pm;Er ¼ 4EEt=ð
ﬃﬃﬃ
E
p þ ﬃﬃﬃﬃﬃEtp Þ2 the
reduced modulus, [h0, h1] the critical region span along hoop
direction of tube, [u0, u1] the critical region span along longi-
tudinal direction of curved tube, [x0, x1] the critical region span
along longitudinal direction of straight tube, Dr shell bending
rigidity, Dr = Ert
3/[12(1  m2)], E0 = arcsin (E/r0).
Besides the above energy-based wrinkling prediction model,
the difference I0w between the maximum wall thickening degreeDtmaxc and the maximum wall thinning degree Dtmaxt can be
used to indicate the wrinkling tendency since I0w represents
the unequal bending degree between extrados and intrados.
It is thought that the larger I0w, the more unequal bending
deformation and thus the larger wrinkling tendency.
I0w ¼ jDtmaxc j  jDtmaxt j ð11Þ3.3. Prediction model of wall thinning and cross-section
ﬂattening
By Eq. (4), the maximum wall thinning degree Dt can be ob-
tained by the thickness strain as
Dt ¼ ð1 eetÞ  100% ¼ 1
1þ r
Rd þ c  r0
q
 100% ð12Þ
Based on the force equilibrium equations and energy method,
the maximum ﬂattening depth d can be calculated by8
d ¼ 9
128
D5
R2dt
2
2Rdb
D
 n

ﬃﬃﬃ
p
p
ðn 3Þ
Cð1 n
2
Þ
Cð1
2
 n
2
Þ 
n
ðn 2Þðn 4Þ
 
ð13Þ
where C is the Gamma function, b= (r0/K)
1/n the plastic off-
set strain.
4. 3D-FE models considering multi-die constraints
As shown in Fig. 4, considering the dynamic constraints of
multiple bending tools, the Explicit/Implicit combined method
is developed to model tube bending under FE platform ABA-
QUS.19 The explicit algorithm is used for tube bending and
balls retracting operation; while the implicit one is employed
for unloading computation. The detailed modeling informa-
tion involved in FE modeling can be found in Ref.16,20 Here
the major modeling characteristics are summarized below.
(1) The strain hardening characteristics are described by
r ¼ Kðeþ bÞn and the Hill’s anisotropic quadratic yield
function is used to describe tube material’s yield behav-
iors. When D/t of tube exceeds 20, the tube is meshed
with four-node doubly curved thin shell S4R; when D/
t of tube is smaller than 20, the tube is discretized with
3D linear reduction integration continuum element
C3D8R with eight nodes by using the enhanced hour-
Fig. 5 Comparison between theoretical and experimental
results: (a) Analytical and experimental results; (b) Wall thinning
and section deformation degrees by FE and experimental results;
(c) Wrinkling prediction by FE and experimental ones.
234 L. Heng et al.glass control, while the four-node bilinear rigid quadri-
lateral element R3D4 is used to model the rigid bending
dies. The element size and the mass scaling factor are
obtained by convergence analysis to ensure the tradeoff
between ‘numerical accuracy’ and ‘numerical stability’.
For solid model, four integration points with Simpson
integration rule is used through the tube wall thickness.
(2) The boundary constraints are applied by two
approaches to achieve the realistic loading conditions
of RDB: ‘displacement/rotates’ and ‘velocity/angular’.
The ‘connector element’ is used to deﬁne the ‘hinge’ con-
tact behaviors between mandrel shank and ﬂexible balls.
The trapezoidal proﬁle is used to deﬁne the smooth
loading of all the above tools to reduce inertial effects
in explicit simulation of the quasi-static process. The
Coulomb friction model s= lp (s the frictional shear
force, l the friction coefﬁcient, p the pressure force on
the contact surface.) is used to represent the friction
behavior between sheet metal and die. For unloading
process, all tools are removed and a ﬁxed boundary con-
dition is applied to avoid rigid motion.
(3) For post-processing, both the wall thinning and cross-
section deformation degrees of the bent tube are calcu-
lated according to Eqs. (2) and (3) after the springback
computation has been ﬁnished since the springback
may have obvious effect on cross-section deformation.
5. Results and discussion
5.1. Evaluation of theoretical models and determination of
bending conditions
5.1.1. Theoretical model evaluation
In terms of strain distributions, wall thinning and cross section
deformation degrees, both the analytical and FE simulated re-
sults are compared with the experimental ones. Table 1 shows
the mechanical properties of the involved Al-alloy tubes. The
properties are obtained by the uniaxial tension test, in which
the arc specimens are directly cut out from the tube along lon-
gitudinal direction by wire cut. The level of equivalent strain
during bending is higher than the maximum level of equivalent
strain obtained in the tension test, so the remaining part of the
ﬂow curve is extrapolated for the FE simulation. Table 2
shows the detailed contact conditions and friction information.
Fig. 5(a) shows the comparison of strain distributions of
5052O tube upon bending with the speciﬁcation of
50 mm · 1 mm · 100 mm(D · t · Rd). The bending conditions
are similar to Ref. 5. The strain is measured by the grid meth-Table 1 Material properties of Al-alloy tube.
Tube 6061-O 5052-O 6061-T4
U100 · 1.5 U75 · 1.5 U50.8 · 0.889
E (GPa) 33.75 67.397 58.7
d (%) 18.96 22.956 25.7
r0.2 (MPa) 40.842 88.691 164
rb (MPa) 111.283 209.631 277
K (MPa) 253.66 418.80 527.6
n 0.213 0.287 0.278
R 0.453 0.647 0.767od. It can be seen that the analytical strain distributions are
close to the experimental ones. Thus, by Eq. (12), the theoret-
ical model for stress/strain distributions is reliable for the pre-
diction of thickness strain, viz. wall thickness changing degree.Table 2 Friction conditions in various contact interfaces.
No. Contact interface Tooling
material
Coeﬃcient of friction
(CoFs)
1 Tube-wiper die 45# 0.1
2 Tube-pressure die Cr12MoV 0.25
3 Tube-clamp die Cr12MoV Rough
4 Tube-bend die Cr12MoV 0.1
5 Tube-mandrel 45# 0.05
6 Tube-ﬂexible balls 45# 0.05
Note: Rough means no relative slip between contact pairs.
‘Size effect’ related bending formability of thin-walled aluminum alloy tube 235Also, it provides sound basic for wrinkling prediction as shown
in Eqs. (9) and (10).
For analytical prediction of the wrinkling instability, due to
lack of dissipation energy W0 and assumption of uniform dis-
tribution of ru, the minimum wrinkling energy reduces and
external energy increases, which causes the results by Eq. (7)
to overestimate the wrinkling risk. For the analytical model
for cross-section deformation as shown in Eq. (13), the predic-
tion results also overestimate the experimental ones.
Fig. 5(b) shows the comparison between FE prediction
and experiments in terms of wall thinning and cross-
section ﬂattening degrees. The bending speciﬁcation is
50 mm · 1 mm · 75 mm of 5052O. It shows that the simulated
wall thinning degree has the similar changing tendency with
the experimental ones, and the error of the maximum wall
thinning degree is 3.7%. Both the simulated cross-section
deformation and experimental ones have a decreasing ten-
dency with the increase of angles from the bending section.
While, the simulated result for cross-section deformation is
much larger than the experimental ones. The reason is that
the cross-section deformation is greatly inﬂuenced by the rigid
supports of rigid bending tools. By assigning the clearance of
wiper die and tube as 0.3 mm for bending speciﬁcation
150 · 1.5 · 1.75D, as shown in Fig. 5(c), the 3D-FE model pro-
vides similar wrinkling phenomenon with the experimental
ones.
Thus, the FE models are reliable for the prediction of the
various phenomena in the RDB process, and the analytical
models establish the intrinsic relationship between bending
phenomena and the basic parameters, viz., tube sizes and
material properties. Then, the bending formability of thin-
walled Al-alloy tube upon bending can thus be addressed.Table 3 Strategy for ‘size effect’ related bending behaviors.
Type D (mm) t (mm)
Changing D 50, 63.5, 75, 76.2, 90,
100, 125, 150
1.5
Changing t 75 0.6, 0.7, 0.8, 0.9, 1.0, 1.1,
1.2, 1.3, 1.4, 1.5
Same D/t
D/t= 50
50, 63.5, 75, 90, 100, 125,
150
1, 1.27, 1.5, 1.8, 2, 2.5, 3
Table 4 Key bending conditions for 3D-FE simulation.
Forming parameter Changing
D
Changing
t
Same D/t
D/t= 50
Mandrel diameter d (mm) D-2t-0.4 D-2t-0.4 D-2t-0.4
Mandrel length Lm 3D 255 mm 3D
Mandrel extension length e 0.12D 9 mm 0.12D
Radius of the mandrel circular rd 0.067D 5 mm 0.067D
Number of balls N 4 4 4
Flexible ball diameter dm (mm) d-0.4 d-0.4 d-0.1
Thickness of the ﬂexible ball k 0.3D 22 mm 0.3D
Pitch of balls p 0.53D 4 mm 0.53D
Clamp die length Lc 3D 3D 3D
Wiper die length Lw 3D 255 mm 3D
Pressure die length Lp 9D 520 mm 9D
Pushing speed of the pressure die
vp
w · Rd w · Rd w · Rd5.1.2. Determination of research strategy and forming conditions
To highlight the ‘size effect’ related bending behaviors of
thin-walled Al-alloy tubes, the research strategy and corre-
sponding forming conditions are deliberately designed for
different tube sizes. Table 3 shows the designed bending
speciﬁcations. Since the clearance between tube and mandrel
is the key parameter for avoiding the wrinkling19, the ﬁxed
value is assigned to reduce the coupling effects of both tube
sizes and contact conditions. Table 4 shows the key forming
conditions. Without special declaration, the material is
5052O Al-alloy tube, the bending radius Rd equals 1.5D
and the bending angle a is 90.
5.2. Wrinkling behaviors in different tube sizes
By the analytical model, the wrinkling tendency in different
tube sizes is obtained (see Fig. 6). For this kind of ﬁgure, the
top X axis label and right Y axis label are combined to record
the additional data. We conﬁrm that the wrinkling risk in-
creases with the larger D/t. However, different effect signiﬁ-
cance of the D and t on wrinkling tendency is obvious. It is
found that the wrinkling tendency increases linearly with the
larger D/t when the tube diameter D changes. While, the wrin-
kling risk increases exponently with the larger D/t when the
wall thickness t changes. The effect signiﬁcance of t is much
higher than that of D. This tendency becomes more obvious
with the larger D/t.
According to Eqs. (7)–(10), it is found that both the Wmin
and T increase with the larger D and t. The reason is that with
the increase of D, the increasing slope of the external work is
much larger than that of the minimum wrinkling energy, thus
resulting in larger wrinkling tendency. While, with the increase
of t, the increasing slope of the minimum wrinkling energy is
larger than that of external work. Due to the above coupling
effects of D and t, we ﬁnd that the wrinkling tendency de-
creases greatly with the same D/t when D and t increase
proportionally.
Due to lack of considering the rigid supports and the
assumption of uniform ru, the analytical results show that
the wrinkling may occur for almost all cases of bending spec-
iﬁcations. Actually, the experiments show that under strict
cooperation of bending tools such as wiper die and mandrel,
the wrinkling can be avoided. Hence, the ‘size effect’ relatedFig. 6 Analytical wrinkling tendency in different sizes.
Fig. 9 Wrinkling tendency with different t.
Fig. 7 Wrinkling tendency with different diameter D.
236 L. Heng et al.wrinkling characteristics of thin-walled Al-alloy tube under ri-
gid supports are further addressed.
5.2.1. Wrinkling behaviors under different D
Fig. 7 shows the FE numerical prediction of wall thickening
degree at the intrados and wrinkling tendency I0w under differ-
ent tube diameter D. We ﬁnd that the larger D, the larger ﬂuc-
tuant zone of the wall thickness, which indicates higher
wrinkling risk. The I0w shows similar wrinkling tendency with
the analytical ones. With D larger than 90 mm, the greatly in-
creased I0w indicates that the wrinkling may occur. While, the
I0w decreases when D is larger than 125 mm. The reason is that
the tube with larger diameter needs larger mandrel diameter
and more strict cooperation of bending tools to avoid wrin-
kling.5 As shown in Table 4, due to the same t and same clear-
ance between mandrel and tube, the maximum wall thickening
degree will be limited when the wrinkling occurs, which limits
the increase of I0w. Fig. 8 shows the maximum wave height of
the tube with different D. It is evident that the wrinkling region
increases as D increases, and its tendency is similar with I0w.
From the above analysis, it can be concluded that in spite of
considering the rigid support of bending tools, there also oc-
curs an increasing tendency of wrinkling risk with the increase
of tube diameter D. Thus, it needs more strict cooperation of
the forming parameters to reduce the wrinkling risk and avoidFig. 8 Maximum wave height of tube with different D.the wrinkling for the bending of thin-walled Al-alloy tube with
large diameter.
5.2.2. Wrinkling behaviors under different t
Fig. 9 shows the simulated wall thickening degree at tube intra-
dos and wrinkling tendency I0w with different wall thickness t.
We ﬁnd that both the wall thickening degree and I0w decrease
with the increase of t. When t equals 0.6 mm, the wall thickness
ﬂuctuates greatly along the whole bending region. The ﬂuctu-
ant region for wall thickening decreases with the increase of t.
Thus, as described by the analytical model, by the FE simula-
tion, we ﬁnd that the increased t strengthens the anti-wrinkling
ability of thin-walled tube. This can be explained by two rea-
sons. First, the intrinsic relationship between wrinkling ten-
dency and the wall thickness (shown in Fig. 6) proves the
above tendency. Second, the wall thickening is not limited by
the rigid constraints due to the same clearance between man-
drel shank and tube (shown in Table 4) with the increase of
t. Fig. 10 shows the maximum wave height of the tube with dif-
ferent t, and it has a nearly linear decrease with the increase of t.
Hence, considering both analytical and numerical results,
small t of tube is a key factor that greatly inﬂuences the wrin-
kling tendency and enlarges the controlling difﬁculty of the
multiple forming parameters.Fig. 10 Maximum wave height with different t.
Fig. 11 Wrinkling tendency with the same D/t.
Fig. 12 Maximum wave height with the same D/t.
ig. 13 Analytical results of wall thinning in different tube sizes.
Fig. 14 Wall thinning in different sizes.
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Fig. 11 shows the wall thickening degree and wrinkling ten-
dency I0w under the same D/t of 50. It is observed that both
the I0w values and the wall thickening ﬂuctuate for each bending
case, which implies that the wrinkling occurs. However, we can
still ﬁnd that the wall thickening degree has an increasing ten-
dency with the larger D and t, which implies higher wrinkling
risk. This is conﬁrmed by Fig. 12.
It is found that the maximum wave height increases for the
same D/t with the increase of D and t. These results are differ-
ent from the analytical results. The reason is attributed to the
coupling effects of tube sizes and the contact condition. For
tube diameter D, its effect on wrinkling cannot be restrained
by the clearance between tube and mandrel until the severe
wrinkling occurs (see Fig. 7); While, for wall thickness t, its ef-
fect signiﬁcance on wrinkling is constrained by the clearance
between tube and mandrel. Thus, although under the same
D/t, the wrinkling tendency increases with larger diameter un-
der multi-die constraint, which is different from the analytical
results.
5.3. Wall thinning behaviors in different tube sizes
By taking Rd = 1.5D, r0 = D/2-t/2 and r= 1/3 into Eq. (12),
the wall thinning degree of tube can be calculated as Eq. (14).FThus, we ﬁnd that though the relative bending radii are the
same, the maximum wall thinning degree slightly increases
with the larger D/t (Fig. 13). The reason is that with the in-
crease of D and decreasing of t, the effect of wall thickness t
to the average radius of tube diameter r0 becomes small, which
enlarges the tangent strain at the extrados and induces the
changing tendency.
Dt ¼ et  100% ¼ 3
4
 0:4143 0:475ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1:95
p  t
D
 
 100% ð14Þ
Furthermore, the wall thinning under the current bending con-
ditions with rigid supports (shown in Table 4) is studied.
Fig. 14 shows the FE predicted Dt in different sizes, and it is
observed that the changing tendency of wall thinning degree
is complicated in different tube sizes. The reason is that under
the current bending conditions, the wrinkling occurs at many
cases, which will greatly inﬂuence the wall thinning of the
tube.3 Thus, to reveal the ‘size effect’ related wall thinning of
thin-walled Al-alloy tube, a new strategy is proposed to avoid
the coupling effect of the wrinkling.
Since the mandrel diameter is the key factor inﬂuencing the
wrinkling of the tube,16 the ﬁrst step is to determine the clear-
ance between mandrel shank and tube Cm. By FE simulation
of the tube bending with the largest wrinkling tendency, the
Fig. 15 Numerical results of wall thinning in different sizes with
wrinkling free conditions: (a) different D; (b) different t; (c) the
same D/t= 56.
Table 5 Speciﬁcation for ‘size effect’ related wall thinning
behaviors.
Type D (mm) t (mm)
Changing D 19.05, 25.4, 31.75, 38.1, 44.45,
50.8
0.9
Changing t 50.8 0.5, 0.6, 0.7, 0.8, 0.9,
1.0
Same D/t
D/t= 56
28, 33.6, 39.2, 44.8, 50.8, 56 0.5, 0.6, 0.7, 0.8,
0.9, 1.0
Table 6 Key forming parameters for the simulation of ‘size
effect’ related wall thinning behaviors.
Forming parameter Changing
D
Changing
t
Same D/t
D/t= 50
Constant k0 2/9 0.3 0.3
Mandrel length Lm 3D 3D 3D
Mandrel extension length e 5 mm 5 mm 3 mm
Number of balls N 4 4 3
Flexible ball diameter db(mm) d-0.1 d-0.4 d-0.1
Clamp die length Lc 3D 3D 3D
Wiper die length Lw 3D 3D 3D
Pressure die length Lp 11D 11D 11D
Pushing speed of the pressure
die vp
w · Rd w · Rd w · Rd
238 L. Heng et al.maximum Cm for the stable bending can be determined. We as-
sume that Cm should be a function of t, as shown in Eq. (15),
where k’ is a constant. Then, by Eq. (15) and the constant k’,
Cm for the other tube bending can be determined without wrin-
kling. By this strategy, a series of FE models is established with
different sizes. The tube speciﬁcations are shown in Table 5.
Table 6 shows some key forming parameters. The material is
6061-T4 Al-alloy tube, the bending radius Rd equals 2.0D
and the bending angle a is 90.
Cm ¼ k0t ð15Þ
Fig. 15 shows the FE predicted wall thinning of 6061-T4
tube under different sizes with wrinkling free conditions.
Fig. 15(a) and (b) show that the wall thinning degree increases
with the increase of D and the decrease of t. The reason is that
the tangent strain increases with D and decreases with the in-
crease of t, which increases the thickness strain. Fig. 15(c)
shows that the maximum wall thinning degree ﬂuctuates at a
similar level with the same D/t when D and t increase propor-
tionally. Thus, the changing tendency of the numerical results
is in good accordance with the analytical ones, and the numer-
ical predictions provides higher tendency of wall thinning with
larger D and smaller t.
5.4. Cross-section deformation behaviors under different tube
sizes
By taking Rd = 1.5D into Eq. (13), the analytical maximum
cross-section deformation can be calculated by Eq. (16). Thus,
the maximum cross-section deformation degree is a quadratic
function of D/t (see Fig. 16). The reason is that the rigidity of
the tube weakens with the increase of D/t.DDm ¼ d
D
 100% ¼ 1
32
D
t
 2
ð3bÞn

ﬃﬃﬃ
p
p
ðn 3Þ
Cð1 n
2
Þ
Cð1
2
 n
2
Þ 
n
ðn 2Þðn 4Þ
 
ð16Þ
Since the wrinkling has coupling effects on the cross-section
deformation,3 the FE simulations of 6061-T4 tube with free
wrinkling are conducted to analyze the ‘size effect’ related
cross-section deformation. Fig. 17(a) shows that the cross-sec-
Fig. 16 Analytical results of cross-section deformation under
different size factors.
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weakens as D increases. The reason is that the mandrel shank
diameter and the mandrel ball diameter have great effect on
the cross-section deformation.17 Due to the same t of the tube,
Cm is the same for the tube with different diameters, and the
smaller D, the larger ratio of Cm to D, which causes the larger
cross-section deformation. Fig. 17(b) shows that the cross-sec-
tion deformation increases with the increase of t. It can also be
explained as the effect of increased ratio of Cm to D. Fig. 17(c)
shows that the increases of D and t have little effect on cross-
section deformation of the tube with same D/t.
Comparing the analytical predictions with the numerical
ones, we ﬁnd the opposite tendency with different D and t.
Thus, the cross-section deformation can be controlled by the
appropriate use of the rigid dies under RDB.Fig. 17 Numerical results of cross-section deformation in
different sizes under wrinkling free conditions: (a) different D;
(b) different t; (c) the same D/t= 56.
Table 7 Comparison of inﬂuence of tube dimension on
bending quality.
Size factor Wrinkling Wall thinning Section deformation
D›(tﬁ) ›› › ﬂ5.5. Veriﬁcation of theoretical results
By generalizing the above obtained ‘size effect’ related bending
formability, the effects of tube dimension on bending quality
are presented as shown in Table 7. To verify these numerical
results, the physical experiments are carried out with the
thin-walled 6061-T4 tube of 50.8 mm · 0.9 mm · 101.6 mm
and 31.75 mm · 0.9 mm · 63.5 mm. Fig. 18(a) shows the
experimental bent tubes. Fig. 18(b) shows that the wall thin-
ning degree increases as D increases. Fig. 18(c) shows the max-
imum cross-section deformation of the tubes at different
bending angles, and we ﬁnd that the cross-section deformation
degree of tube with smaller D is larger than the one of tube
with larger D. These results are in good accordance with the
numerical results.tﬂ(Dﬁ) ›› › ﬂ
D/tﬁD,t› ﬂ ﬁ ﬁ
(ﬁ – Neglected effect; › – positive effect; ›› – obvious positive
effect; ﬂ – negative effect).6. Concluding remarks
Considering the unique advantages and widely usage in vari-
ous ﬁelds of thin-walled Al-alloy bent tubes with diverse spec-
iﬁcations, the ‘size effect’ related bending formability is thus
explored in terms of multiple defects. The size factor D/t
ranges from 21.17 to 125. The major contents and results
can be concluded:(1) The deformation theory of plasticity is used to establish
the intrinsic relationship between tube sizes and the
bending deformation such as stress/strain distribution,
Fig. 18 Comparison of 6061-T4 Al-alloy bent tubes with
different diameters: (a) bent tube samples; (b) wall thinning
degree; (c) cross-section deformation.
240 L. Heng et al.wall thinning, cross-section deformation and wrinkling
tendency. The 3D-FE simulation is used to provide the
accurate predictions by considering multiple contact
conditions. The experiments are conducted to verify
the theoretical results.
(2) The anti-wrinkling capability of tube decreases with lar-
ger D and smaller t, and the effect signiﬁcance of t is lar-
ger than that of D even under rigid supports; The wall
thinning increases with the larger D and smaller t, and
this tendency becomes much more obvious under rigid
supports. The cross-section deformation increases withthe larger D and smaller t according to the analytical
model obtained intrinsic relationship, while this ten-
dency becomes opposite due to the nonlinear role of
mandrel die. The size factor D/t can be used as a nondi-
mensional index to evaluate both the bending formabil-
ity regarding the wall thinning and cross-section
deformation.
The study provides knowledge on bending behaviors of
thin-walled tube under different bending speciﬁcations and
help efﬁcient design and optimization of the forming parame-
ters. It is noted that the ‘‘size effect’’ related springback21 and
the property variations of thin-walled Al-alloy tubes are not
considered in the present study. While, the bending deforma-
tion may be greatly affected by the variations of mechanical
properties, which will be explored in the further study.Acknowledgements
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